The renewed interest in dimeric salicylates as broad-spectrum anti-inflammatory and antidiabetic agents provided a rationale to investigate the dimerization of the substituted salicylate D 9 -tetrahydrocannabinolic acid (THCA-A, 3a) as a strategy to solve its instability to decarboxylation and to generate analogues and/or pro-drugs of this native pre-cannabinoid. Activation of the carboxylic group with the DCC-HOBt-DMAP protocol afforded a high yield of the OBt ester 4, that was next converted into the highly crystalline di-depsidic dimer 5 upon treatment with DMAP. The mono-depsidic dimer 6 was also formed when the reaction was carried out with partially decarboxylated THCA-A samples. The structure of the depsidic dimers was established by spectroscopic methods and by aminolysis of 5 into the pre-cannabinoid amide 7. Both dimers showed excellent shelf stability and did not generate significant amounts of D 9 -THC upon heating. However, only the didepsidic dimer 5 activated PPAR-g, the major target of pre-cannabinoids, but strong binding to serum proteins abolished this activity, also shielding it from the action of esterases.
Introduction
Over the past years, there has been a renewed interest for salicyl esters, a very old class of medicines whose pharmacological investigation pre-dates the one of Aspirin, the best known salicylate 1 . The renaissance of biomedical interest for these compounds is associated to the clinical efficacy and low toxicity of salicylsalicilate (salsalate, 1), an anti-inflammatory 2 and antidiabetic multi-target agent 3, 4 . The surprising and serendipitous discovery that the popular sun-screen agent octyl salicylate (octyl salate, 2) can prevent auto-immune neurodegenerative diseases, has extended the interest also to non depsidic salicyl esters 5 . Aspirin and salsalate are both phenolic esters, but the former is a covalent enzymatic inhibitor of the inflammatory cascade, while the latter acts non-covalently at a genomic level, powerfully inhibiting IkB kinase and down-regulating the activity of NF-kB genes 5 .
Neurodegenerative diseases, inflammation, and diabetes are major investigation areas for the clinical potential of cannabis meroterpenoids (phytocannabinoids) and their non-narcotic acidic precursors 6 . Since acidic phytocannabinoids (pre-cannabinoids) can be conceived as substituted salicylates, we have investigated the possibility to dimerize them to the corresponding salsalatetype analogues. This maneuver is expected to solve the issue of decarboxylative instability 7 , a major drawback for their clinical development 6 , and to afford analogues worth investigating for their pharmacological properties and/or for their capacity to act as prodrugs of their native precursors. D 9 -Tetrahydrocannabinolic acid (THCA-A, 3a), the best investigated acidic-cannabinoid in terms of molecular targets 8 , was used as a benchmark substrate for this study.
Results and discussion
The synthesis of dimeric salicylates requires protection/deprotection steps to avoid oligomerization 9 . Since D 9 -THC and its derivatives have a limited range of pH stability and rapidly undergo aromatization to the corresponding cannabinol analogues under aerobic conditions 6,7 , a direct dimerization strategy mediated by the formation of an intermediate activated ester seemed worth exploring. Various coupling protocols [DCC(dicyclohexylcarbodiimide)-DMAP (4-dimetthylaminopyridine), carbonyldiimidazole, P3P (propylphosphonic anhydride), Yamaguchi coupling] 10 were investigated, obtaining, however, complex reaction mixtures. On the other hand, treatment of 3a with dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP) and hydroxybenzotriazole (HOBt) afforded, in a spot-to-spot fashion, the stable hydroxybenzotriazolyl ester 4 ( Fig. 2) , showing that the activation and the coupling steps could not be carried out in a one-pot operational step. Accordingly, stand-alone coupling reagents (BOP and HATU) gave poorer yields, as did N-hydroxysuccinimide, a less reactive active ester precursor. Dichloromethane was the solvent of choice, presumably because precipitation of dicyclohexylurea (DCU) drove the reaction to completion, securing a rapid (30 min) conversion of 3a into 4. The activate ester 4 could be purified by silica gel chromatography and was then cleanly converted into the highly crystalline di-depsidic dimer 5 by treatment with DMAP in dichloromethane in overall 80% yield from 4 ( Fig. 2 ). DMAP seemingly activates the complementary "adhesive" terminations of 4 by acting as a nucleophile toward the activated ester carbonyl, and a base toward the phenolic hydroxyl.
Attempt to affect the dimerization by using a larger amount of DMAP at the stage of formation of the active ester 4 gave unsatisfactory results, presumably due to interference by the excess of DCC and HOBt necessary to drive to completion the formation of the activated ester. With partially decarboxylated samples of THCA-A, the mono-depsidic dimer 6 was also obtained as a result of the reaction of D 9 -THC (3b) with the activated ester 4 (Fig. 1) . The amount formed depended on the purity of the starting sample, suggesting that 6 is produced by an in situ trapping that required a non-intramolecularly-bonded phenolic hydroxyl. This observation also explained the absence of higher salicyloyl oligomers in the reaction mixture.
The 1 H and 13 C NMR spectra of dimers 5 and 6 (Supporting Information Figs. S1-S6) were fully assigned by means of 2D NMR experiments (COSY, HSQC and HMBC). The NMR spectra of 5 clearly indicated the symmetric nature of this dimer and closely paralleled those reported for THCA-A in the same solvent 11 . The only expected exceptions were the upfield shifts observed for the resonances of H 2 -1 0 (D H 2.32 and 2.57 instead of D H 2.78 and 2.94), C-1 (D C 149.2 instead of 164.7), and COO-(D C 164.9 instead of 176.2). The diastereotopic nature of the protons H 2 -1 0 , already reported for THCA-A 11 , is worthy of note and it is most likely due to the steric hindrance induced by the bulky substituent at C-2. To investigate this point, we have registered 1 H NMR spectra of 5 at different temperatures; however, even at 55 C no significant differences were observed.
On the other hand, the NMR spectra of the mono-depside 6 showed an almost complete duplication of signals, thus indicating the non-symmetric nature of this dimer. Given the crowded nature The dimerization of D 9 -tetrahydrocannabinolic acid A of these spectra (especially 1 H NMR), and the consequent overlapping of many signals, the complete resonance assignment reported in Experimental Section required an extensive use of 2D NMR spectroscopy. As expected, also in the case of 6, the diastereotopic H 2 -1 0 appeared as couple of signals (D H 3.27 and 2.75) while H 2 -1 000 resonated as triplet at D H 2.53. Interestingly, for 6 also protons assigned to H 2 -2 0 were slightly splitted (D H 1.75 and 1.64).
The structure of the bis-depsidic dimer 5 was confirmed by aminolysis to the pre-cannabinoid amide 7 by reaction with bphenethylamine (PEA) and DMAP. The amide 7 was identical to the product obtained by condensing D 9 -THCA-A (3a) with the same amine ( Fig. 3 ).
Taken together, these observations showed that activation of 3a with HOBT gave the activated ester 4 that, after purification, undergoes smooth dimerization to the bis-depside 5 upon treatment with DMAP. Interestingly, the reaction of salicylic acid with the DCC-HOBT-DMAP protocol afforded salicyloylurea 12 as the major reaction product, suggesting a rapid isourea-to-urea rearrangement. This rearrangement hampered the direct dimerization of simple salicylates, as exemplified by the synthesis of salsalate from salicylic acid, which required benzyl protection at the phenolic hydroxyl for the acylating electrophilic unit and at the carboxylic group of the nucleophilic phenolic unit 13 . In the isourea obtained from 3a, isourea-to-urea rearrangement was apparently slowed by the presence of multiple aryl substituents, thus explaining the success of the direct dimerization strategy.
The depsides 5 and 6 were stable under laboratory conditions, with no sign of degradation after 8-month storage at room temperature. Conversely, their precursor THCA-A (3a) needed cold storage to avoid decarboxylation and aromatization 7, 13 . The decarboxylation of non-narcotic THCA-A (3a) generates narcotic D 9 -THC (3b), and THCA-A is, indeed, popular as "crystal THC" in the illegal drug market, where it is (ab)used to boost the potency of marijuana. On the other hand, when heated under standard decarboxylation conditions for acidic cannabinoids (110 C, 1 h), 5 and 6, though partially degraded, did not produce detectable ( 1 H NMR) amounts of D 9 -THC.
Acidic cannabinoids do not bind CB 1 , the narcotic target of phytocannabinoids, but show potent affinity for PPAR-g 8 , the key end-point for their neuroprotective and anti-diabetic properties 8 . The mono-depsidic dimer 6 was devoid of PPAR-g-activating properties, but the bis-depsidic dimer 5 significantly activated this transcription factor, albeit with lower potency (ca. 50%) compared to THCA-A (3a, Fig. 4 ).
Since phenolic esters are rapidly cleaved in vivo 14 , we expected that, by promoting the enzymatic hydrolysis of 5 to 3a, the inclusion of serum in the assay could boost the potency of 3a. Surprisingly, serum completely abolished instead activity, and a similar effect was seen with bovine serum albumin (BSA, Fig. 5A ), while THCA-A (3a) substantially retained activity in these assay conditions (Fig. 5B) . These observations suggest that, presumably because of its lipophilicity, compound 5 strongly binds to plasma proteins, and this binding prevents both interaction with PPAR-g and hydrolysis by serum esterases.
Conclusions
THCA-A (3a) can be directly dimerized in high yield to the highly crystalline bis-depsidic dimer 5 without the protection/ deprotection steps required for the dimerization of more simple salicylic acid derivatives. The dimer 5 is chemically stable toward decarboxylation, and retains strong affinity for PPAR-g, potentially qualifying both as an analogue and as a pro-drug of THCA-A. On the other hand, a strong binding to serum proteins fully prevented the interaction of 5 with PPAR-g, also shielding it from the activity of esterases, at least under the conditions of cellular assays. The relevance of albumin binding for in vivo bioactivity has been questioned 15 , but in vivo studies will be necessary to advance the bis-depsidic dimer 5 for further development. Work-up solutions were dried with Na 2 SO 4 before evaporation.
Experimental

General experimental procedures
THCA-A hydroxybenzotriazolide (4)
To a solution of 200 mg THCA-A (0.56 mmol) in CH 2 Cl 2 (10 mL), dicyclohexylcarbodiimide (DCC, 231 mg, 1.12 mmol, 2 mol equiv.), hydroxybenzotriazole (HOBt, 171 mg, 1.12 mmol, 2 mol equiv.) and 4-dimethylaminopyridine (DMAP, 7 mg, 0.056 mmol, 0.10 mol equiv.) were sequentially added. A copious precipitate of dicyclohexylurea formed in a few minutes, and the reaction course was followed by TLC (petroleum ether-EtOAcZ9:1; R fTHCA-A Z0.13; R f4 Z0.31), continuing stirring at room temperature for 30 min. The reaction was next worked up by dilution with 15 mL petroleum ether and filtration over Celite, and the filtrate was sequentially washed with 1 mol/L H 2 SO 4 and brine, and then evaporated. The gummy residue was purified by GCC (10 mL silica gel, petroleum ether-EtOAcZ98:2 as eluant) to afford 213 mg (80%) 4 as a gum. 1 
Dimerization of the THCA-A hydroxybenzotriazolide (4) to the bis-depside (5)
To a stirred solution of 4 (400 mg, 0.81 mmol) in CH 2 Cl 2 (20 mL), DMAP (80 mg, 0.38 mmol, 0.47 mol equiv.) was added. Stirring was continued at room temp., following the reaction course by TLC (petroleum ether-EtOAcZ9:1, R f4 Z0.31, R f5 Z0.47). After 45 min the reaction was worked up by dilution with 1 mol/L H 2 SO 4 (20 mL) and petroleum ether (20 mL), and the organic phase was dried and evaporated. The residue was crystallized by heptane to afford 218 mg (32% on molar basis, 64% when calculated on the sum of the two identical starting materials) 5 as fine needles. Additional amounts of 5 (55 mg) were obtained by GCC (petroleum ether-EtOAcZ9:1) of the mother liquors, with an overall molar yield of 40%.
When the reaction was carried out with non-crystalline and partially decarboxylated amorphous samples of THCAA, variable amounts of the monodepsidic dimer 6 were also obtained. (CDCl 3 , 125 MHz) D 170.9 (C-2 0 a), 164.5 (C-1), 159.5 (C-4a), 155.2 (C-4 00 a), 148.9 (C-1 00 ), 146.3 (C-3), 143.5 (C-3 00 ), 134.8 (C-9), 134.3 (C-9 00 ), 123.8 (C-10 00 ), 123.4 (C-10), 116.0 (C-1 00 a), 115.7 (C-4 00 ), 114.4 (C-2), 112.8 (C-4), 110.6 (C-1a), 104.2 (C-2), 79.0 (C-6), 77.6 (C-6 00 ), 45.6 (C-6 00 a), 45.5 (C-6a), 36.9 (C-1 0 ), 35.6 (C-1 000 ), 34.3 (C-10a), 33.8 (C-10 00 a), 31.9 (C-2 0 -4 0 ), 31.5 (C-4 000 ), 31.3 (C-8 00 ), 30.9 (C-8), 30.6 (C-2 000 ), 27.6 (C-12), 27.5 (C-12 00 ), 25.0 (C-7 00 ), 24.8 (C-7), 23.6 (C-11), 23.5 (C-11 00 ), 23.1 (C-3 0 -3 000 ), 19.5 (C-13 00 -13), 14 
From the amidation of 3a
To a stirred solution of 3a (100 mg, 0.28 mmol) in CH 2 Cl 2 (2.5 mL), phenethylamine (35 mL, 33.7 mg, 0.56 mmol, 2 mol equiv.), DCC (69 mg, 0.33 mmol, 1.2 mol equiv.) and p-toluensulfonic acid monohydrate (10 mg, 0.050 mmol, 0.18 mol equiv.) were sequentially added. The advancement of the reaction was followed by TLC (petroleum ether-EtOAcZ9:1, R f3a Z0.13; R f7 Z0.21), and after stirring 40 min at room temperature, the reaction was worked up by evaporation of the solvent. The residue was taken up in toluene, and the solution was cooled at 4 C for 2 h. The white precipitate of DCU was removed by filtration over Celite, and the filtrate was purified by GCC on silica gel (5 mL, petroleum ethereEtOAc as eluant) to afford 102 mg (82%) 7 as an amorphous gum.
From the aminolysis of 5
To a stirred solution of 5 (50 mg, 0.073 mmol) in CH 2 Cl 2 (2.5 mL), phenethylamine (110 mL, 106 mg, 0.87 mmol, 12 mol equiv.) and DMAP (18 mg, 0.14 mmol, 2 mol equiv.) were added. The reaction course was followed by TLC (petroleum ether-EtOAcZ9:1, R f6 Z0,47; R f7 Z0,21). After stirred at room temperature for 24 h, the reaction was worked up by dilution with 1mol/L H 2 SO 4 (5 mL) and petroleum ether (10 mL). The organic phase was dried and evaporated, and the residue was purified by GCC on silica gel (petroleum ether-EtOAcZ9:1) to afford 17 mg (26%) 7 as an amorphous gum. 
PPAR-g activity assay
Human embryonic kidney epithelial cells 293T cells were obtained from the American Type Culture Collection (CRL-3216) and cultured in DMEM supplemented with 10% FCS and
